P lant roots forage the soil for water and nutrients and overcome the soil's physical compactness. Roots are endowed with a mechanism that allows them to penetrate and grow in dense media such as soil. However, the molecular mechanisms underlying this process are still poorly understood. The nature of the media in which roots grow adds to the difficulty to in situ analyze the mechanisms underlying root penetration. Inhibition of ethylene perception by application of 1-methyl cyclopropene (1-MCP) to tomato seedlings nearly abolished the root penetration in Soilrite. The reversal of this process by auxin indicated operation of an auxinethylene signaling pathway in the regulation of root penetration. The tomato pct1-2 mutant that exhibits an enhanced polar transport of auxin required higher doses of 1-MCP to inhibit root penetration, indicating a pivotal role of auxin transport in this process. In this update we provide a brief review of our current understanding of molecular processes underlying root penetration in higher plants.
The differences in growth habits of the two major plant organs, the root and the shoot, result from their fundamentally different roles in acquisition of resources for the plant. 1 The shoot grows in air practically unhindered by any physical obstruction, except for competition with neighboring plants, primarily to fix carbon via photosynthesis. The root grows in the soil to obtain mineral nutrients and water, and also to provide firm anchorage to the plant. 2 The soil in which roots grow and proliferate is a dense medium. Consequently, roots require an additional capability to grow in dense environment to overcome the physical constrains imposed by the soil texture. The dense soil physically obstructs root growth and also reduces the availability of water and oxygen. 3 In crop plants the physical constrain imposed by the soil is overcome by tilling prior to sowing. However, in nature seeds germinate and roots grow overcoming soil physical constrains. Roots show a high degree of plasticity in their growth patterns, which are uniquely related to the physical and chemical properties of the soil. To grow in a subterranean environment, roots are endowed with several mechanisms that regulate and optimize their growth. One of the most investigated mechanisms is the gravitropism of roots, 4 causing the roots to grow either toward the direction of gravitational vector or at a skewed angle referred to as plagiotropism.
Essentially it is believed that in roots the gravitational signal is sensed through sedimentation of specialized plastids, statoliths, in the columella cells located in the root cap. 5, 6 The physical signal of statolith sedimentation is converted to physiological information by a mechanism still to be fully deciphered, and transmitted to the root elongation zone located at a distance from the root cap. Several constituents of this physiological response have been identified including changes in pH, reactive oxygen species, Ca +2 induced signaling, and modulation of auxin transport. [7] [8] [9] In addition to gravity, several other factors regulate the growth of roots in soils, allowing roots to sense availability of moisture and nutrients in the soil and to determine an optimal growth strategy. 19, 20 Similar to directing the growth of a root toward the gravitational vector, the perception of touch stimuli also plays an important role in the orientation of root growth. 21, 22 Roots seem able of sensing the touch stimulus and determining the physical impedance exerted by the soil on root growth. 10 On encountering of an obstacle such as a hardpan layer of soil, pebbles, or another root, roots either reorient their growth to circumnavigate the obstacle (avoidance) or develop sufficient mechanical force to penetrate through the obstacle (overcoming). 23 In either case, the sensing of touch is an important factor that regulates root growth. 24 Investigations of root biology of different crop species have highlighted that even within the same species, roots of different cultivars differ in their capacity to penetrate into deeper soil layers to access water and nutrients. [11] [12] [13] For example, in rice the cultivars that were able to penetrate hardpans had better access to water and were able to avoid drought in rainfed cultivation, 14 indicating that the mechanical impedance experienced by roots is one of the major limitations to root growth in soil. 12, 15 Consistent with this, it has been found that the capability of roots to penetrate in stronger soil layers is genetically controlled. 16 Despite the recognition that the response of roots to mechanical impedance has a genetical basis, however, the physiological process triggered in roots to overcome the mechanical impedance is poorly understood. 17, 18 Compared with other regulatory factors, very limited information is available about the mechanism employed by roots to sense the mechanical impedance, and the signal transduction associated with it. Since obstacles in the soil are first encountered by cells of the root cap, these cells are the primary candidates for sensing the touch and/or mechanical impedance stimuli. 25, 26 The surgical removal of the root tip results in loss of sensing, and it is regained only after regeneration of a new root tip. The cells of the root cap are in a dynamic state of flux as the root cap continually sheds these cells and replaces them with new ones, to make a smooth passage through the soil. These cells are produced by the root meristem and differentiate to amyloplasts-filled cells, then finally become peripheral and eventually sloughed off. 27, 28 This transit of cells through different developmental stages has led to the hypothesis that the relative positioning of these cells may determine their differential sensory activities. Evidence indicates that while deep seated columella cells sense gravity, peripheral cells sense touch as evident by touch-induced Ca +2 increase in these cells. 29, 30 However, these two sensing functions may overlap between the two type of cells. 31 Notwithstanding these studies, the details of the signaling systems overcoming mechanical impedance or touch-induced reorientation in root growth remain elusive.
Given the potential mechanistic overlap between graviperception and mechanoperception, Trewavas and Knight 32 proposed that the gravisensing represents a modified touch sensing system, as both responses represent some kind of mechanical sensing. It is currently believed that the touch receptor is a mechanosensitive channel, and several lines of evidence point to the existence of stretch-activated channels in the plant plasma membrane. 33 On perception of a touch signal, roots respond with an elevation of the cytosolic Ca 2+ , which in turn triggers transient changes in pH, extracellular ROS, and genome-wide alterations in gene expression patterns in root tissues. [34] [35] [36] It is believed that the elevation in extracellular pH regulates the activity of several enzymes that affect the cell wall rigidity. 37, 38 Likewise, ROS production in the apoplast may promote an oxidative cross-linking of cell wall components and thus strengthen the cell wall. 39, 40 It is expected that these cell wall modifications at the root tip may endow roots with the required rigidity to overcome the physical constrains presented by the compactness of soil.
Though these studies highlight the regulatory role of mechanoperception in root growth, the information about interand intracellular signaling in roots, and the change in root morphology upon encountering of an obstacle is scarce. One major limitation is the difficulty to mimic the soil conditions when studying these responses. In a pioneering study, Okada and Shimura 41 screened for Arabidopsis root growth mutants by growing seedlings on hard agar (1.5%) on plates inclined at a 45°angle. While the wild type roots showed a wavy growth pattern due to an obstacle-avoidance response, mutant roots either lacked the wavy growth pattern or showed an abnormal pattern. In many cases, the identification of genes of these mutants showed defects in auxin transport, thus highlighting the role of auxin transport and signaling in overcoming mechanical impedance during root growth. 42, 43 Okamoto et al. 44 examined the growth and morphology of roots under mechanical impedance by growing Arabidopsis seedlings on the horizontal surface of an agar plate covered with a dialysis membrane. The roots of these seedlings failed to penetrate the substrate, and showed a typical ethylene-induced morphology, such as a reduction in root growth associated with a decrease in cell elongation and increase in the root diameter. Since the ethylene-overproducing mutant eto1-1 showed a response similar to that in wild type, and the ethylene production was similar in both horizontal or vertical growth conditions, it appears that the mechanical impedance likely enhanced the ethylene response in roots rather than ethylene biosynthesis. Consistent with this view the ethylene signaling mutants, ein2-1 and ctr1-1 failed to show changes in root morphology when subjected to mechanical impedance. In conformity with earlier studies of Okada and Shimura, 42 Okamoto et al. 44 showed that the mechanical impedance also altered the auxin response in Arabidopsis roots as visualized by a higher expression of DR5::GUS reporter on the lower side of the root tip.
Taken together, these studies are consistent with other reports where it has been shown that an interaction between auxin and ethylene signaling modulates the root elongation in Arabidopsis. Ethylene regulates several facets of auxin action, such as the positive regulation of both acropetal and basipetal auxin transport in the root, [45] [46] [47] and regulates root growth and development by controlling the auxin biosynthesis and transport in the root tip. 45, 48 Such synergistic interaction between auxin and ethylene has been observed for several specific responses, such as the regulation of root gravitropism, 49 root growth, 50 lateral root development, 51, 52 and differentiation and elongation of root hairs. 53 The roots of mutants such as tir1, which has a defect in auxin perception, and pin2 and aux1, with defects in auxin efflux and auxin influx transporters, respectively, are resistant to growth inhibition in presence of ethylene. 54 Despite the availability of an overwhelming evidence regarding the synergistic interaction between auxin and ethylene in regulating root development and growth, currently little is known about the relative roles of these hormones in regulating the penetration of roots into the soil. 55 Current evidence supports that ethylene appears to have a major role in regulating the penetration of roots in the soil. A role of ethylene in root penetration was demonstrated for tomato, where roots of tomato seedlings treated with inhibitors of ethylene action were unable to penetrate into 2% agar but could penetrate 0.5% agar. 56 Consistent with this, the root of the ethylene-perception mutant of tomato, Never-ripe (Nr), shows a decreased soil penetration in presence of higher mechanical impedance. 57 Roots of the maize mutant Zmacs6, defective in ACC synthase activity, a rate-limiting enzyme in the ethylene biosynthesis pathway, also show a reduced growth in soil, signifying the importance of ethylene in overcoming physical resistance. 58 In recent years, the availability of specific inhibitors that block hormonal perception or signaling have greatly aided in deciphering signaling pathways and identification of molecules regulating these pathways. Since excessive production of ethylene during fruit storage causes spoilage of fruits such as banana, tomato and apple, several specific inhibitors that block ethylene perception have been developed. 59 Among these inhibitors 1-methylcyclopropane (1-MCP) is the most effective and likely blocks ethylene action by binding to ethylene receptors. 60, 61 The roots of tomato seedlings grown in presence of 1-MCP failed to penetrate in Soilrite. Since 1-MCP also blocked root penetration in monocots such as rice and wheat, and dicots, such as tobacco and lettuce, this indicated a role of ethylene in regulating root penetration in a wide range of plants. 62 The inhibitory effect of 1-MCP on root penetration was reversed by simultaneous application of ethylene, supporting the role of ethylene signaling in regulating root penetration. The loss of root penetration was also associated with a decline in the expression of the auxinresponse reporter DR5::GUS in the root tips, suggesting an interaction between ethylene and auxin signaling in the regulation of this response. The application of 1-MCP also reduced the polar auxin transport in tomato roots, suggesting that the auxin-ethylene interaction may be partly mediated by modulation of polar auxin transport. Consistent with this view, the pct1-2 mutant that has a nearly 3-fold higher auxin transport than wild type, 63, 64 displayed a close to normal root penetration in the Soilrite in presence of 1-MCP. However, the application of a polar auxin transport inhibitor, TIBA, which interferes with the vesicle trafficking of auxin transporters, 65 along with 1-MCP partially inhibited the root penetration of the pct1-2 mutant.
Though 1-MCP treatment reduced auxin transport in pct1-2 roots, the PAT remained considerably higher compared with untreated wild type roots. We reasoned that increasing the dosage of 1-MCP would progressively block PAT in pct1-2 roots and would inhibit root penetration even in the pct1-2 mutant. Consistent with our notion, increasing the concentration 1-MCP above 4 mL L 21 inhibited root penetration in pct1-2 to the extent that almost 50% of the roots failed to penetrate in Soilrite (Fig. 1A) . In comparison, penetration of wild type roots in Soilrite is almost completely abolished at 2 mL L -1 . 62 In conformity with the observations made with wild type, increasing the dosage of 1-MCP affected also the growth of hypocotyls and roots of the pct1-2 mutant by stimulating root growth and inhibiting hypocotyl elongation (Fig. 1B) .
Physiological studies have indicated that the PAT system requires the activity of specific auxin influx and efflux carriers located on the plasma membrane of transporting cells. 66, 67, 68 In Arabidopsis and other plants, PIN proteins have been shown to be intimately linked with polar auxin transport. 69, 70 In Arabidopsis, ethylene regulates the transcription of several auxin transporters including PIN1, PIN2 and AUX1, 71, 72 thus enhancing the auxin transport in roots. Recently we demonstrated that the pct1-2 mutant shows enhanced expression of PIN1 in the root, which explains its increased polar transport. 73, 74 To further explore the link between the enhanced PAT in pct1-2 and its resistance to 1-MCP, we treated pct1-2 seedlings with L-buthionine-(S,R)-sulfoximine (BSO), an inhibitor of glutathione biosynthesis that downregulates the expression of several PIN proteins in Arabidopsis such as PIN1, PIN2, and PIN3. 75, 76 Similar to the TIBA application, 62 application of BSO together with 1-MCP caused a reduction of DR5 activity both in wild type and pct1-2 roots ( Fig. 2A) . In parallel with the decline in DR5 activity, the root penetration was also inhibited, although much more effectively in wild type than in pct1-2 ( Fig. 2B ) These results potentially reveal that the decrease in the auxin level and root penetration by 1-MCP is associated with reduced PIN function.
Our results indicate an intimate interaction between ethylene and the auxinsignaling pathway in regulating root penetration. Our results are consistent with reports showing that in tomato the ethylene-perception Nr mutant shows reduced IAA transport in roots and the ethylene overproducing epi mutant shows increased IAA transport in roots. 47, 77 Those reports also suggested that ethylene has contrasting roles in auxin transport in roots and hypocotyls, with a positive regulation of PAT in roots and a negative modulation in stem tissue. Similarly, we also observed some contrasting responses in tomato roots and hypocotyls upon treatment with 1-MCP in terms of growth patterns and expression of ethylene and auxin related genes. The fact that the application of 1-MCP reduced both the acropetal and basipetal auxin transport in wild type tomato roots supports that ethylene acts in root penetration and penetration-induced growth changes at least in part by increasing polar auxin transport. In summary, our findings demonstrate an obligatory requirement for ethylene action for executing the root penetration in tomato. We conclude that ethylene regulates root penetration, at least in part, by crosstalk with auxin. In the future, a better knowledge of the root penetration response under impedance should help to develop strategies to breed crops for improved root penetration and foraging function to acquire water and nutrients for plants. 
